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NOMENCLATURE 
A - monovalent anion. 
M,N - trivalent lanthanides. 
[HG)^ - dimeric molecule of di-(2-ethylhexyl) phosphoric acid. 
- activity of an aqueous phase species. 
- activity of an organic phase species. 
- concentration of an aqueous phase species. 
- concentration of an organic phase species. 
- equilibrium constant for the extraction of M. 
- over-all stability constants for complex formation between 
M and A, i = 1,2,3. 
- total concentration of M in the aqueous phase. 
- total concentration of M in the organic phase. 
[M^]^ - total activity of M in the aqueous phase. 
[M^]^ - total activity of M in the organic phase. 
'^ [E°]]^  - thermodynamic distribution coefficient for M, 
equilibrium. 
(E°)^ - concentration distribution coefficient for M, 
(8°)^  = at equilibrium. 
T T o T o 
- thermodynamic separation factor = 
provided M and N are present simultaneously. 
^ - stoichiometric or concentration separation factor 
= (^ 2)^ (^2°)^ , provided M and K are present simultaneously. 
Y - activity coefficient which is subscripted to indicate 
pertinent species and phas^. 
1 
INTRODUCTION 
Although solvent extraction is employed rather widely as a means of 
separation and purification, the actual chemistry of the process is not 
well understood. Consequently, at present there is no sound basis upon 
which to choose a solvent for a given separation, or even to extrapolate 
the behavior of a given solute-solvent system from one region of experi­
mental conditions to another. 
Most fundamental solvent extraction chemistry studies have employed 
tracer techniques, and have therefore left most of the concentration 
range unstudied. In fact, comparatively little is known about solution 
chemistry in general at moderate and high concentrations, and basic 
knowledge of this type is essential to a real understanding of solvent 
extraction chemistry. 
One group of relatively abundant elements which is difficult to 
separate into individual components from a mixture is the lanthanide or 
rare-earth group, of which neodymium and samarium are members. Further 
fundamental studies on the chemistry of lanthanide solvent extraction 
are advantageous for the following reasons: 
1. Solvent extraction, either alone or in conjunction with 
other separation methods, is a potential means of 
separating the lanthanides on an industrial scale. 
2. These studies provide fundamental knowledge needed for 
the development of a sound basis of solvent selection. 
The present work is part of a continuing effort within the Chemical 
Engineering Division of Ames Laboratory to better understand the chemistry 
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of solvent extraction processes. More specifically, this study had as 
its goals to: 
1. Obtain accurate equilibrium and separation factor data 
for the extraction of neodymium and samarium by di-
(2-ethylhexyl-) phosphoric acid (hereafter abbreviated 
D2EHPA) from aqueous chloride, nitrate, and perchlorate 
solutions. 
2. Determine the reactions by vhich D2EHPA extracts 
neodymium and samarium from these solutions over a 
wide range of concentrations. 
3. Explain why the stoichiometric separation factor 
varies with concentration for these systems. 
U. Compare the lanthanide chlorides, nitrates, and 
perchlorates as possible systems for large-scale 
D2EHPA extraction processes. 
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LITERATURE REVIEW 
The organophosphorus compounds may be classified as either acidic 
or neutral. The neutral organophosphorus compounds will not be discussed 
in detail, but are reviewed thoroughly in several recent surveys (8,9,^4). 
One of the most frequently employed neutral extractants in early sol­
vent extraction studies was tri-n-butyl phosphate (TBP), and studies with 
this compound led to the first reported cases of metal extraction by 
acidic organophosphorus compounds (8). As early as 19^9 (8,^+5) it was 
recognized that the extraction of such metals as hafnium, uranium and 
zirconium by TBP was dependent on the previous history of the TBP. More 
specifically, it was found that the extraction of these metals was greater 
if the TBP had been aged in contact with mineral acids, and this increased 
extraction was attributed to the formation of the acid-hydrolysis products 
of TBP, monobutyl and dibutyl phosphoric acids. In a similar study in 
1950, Peppard and Gergel (28) reported that the extraction of tetravalent 
protactinium and thorium, by TBP increased somewhat if the TBP had been 
aged with hydrochloric acid. In addition, they approximated the extrac­
tion characteristics of the degraded TBP by mechanically adding a mixture 
of monobutyl and dibutyl phosphoric acids to fresh TBP (final mixture, 
95% TBP), and thus concluded that the formation of these acid-hydrolysis 
products was responsible for the observed behavior of degraded TBP. 
The first reported study of lanthanide extraction by acidic 
organophosphorus compounds was ty Scadden and Ballou in 1953 (^3). 
Using a mixture of dibutyl and monobutyl phosphoric acids (mole ratio 
of di-ester to mono-ester = 4.5 to 1), they studied the separation of 
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niobiuin and zirconium, as well as the fractionation of a complex mixture 
of fission products. The fission product mixture contained cerium (ill), 
lanthanum, yttrium'and holmium, and they found that a 0.6m phosphoric 
acid mixture extracted >95^ of the yttrium and holmium and <5% of the 
cerium (ill) and lanthanum. They thus demonstrated the effectiveness 
of these phosphoric acids as agents for separating the light and heavy 
lanthanides. 
In 1956 Peppard e;^ al. of Argonne National Laboratory began an in­
tensive study of acidic organophosphorus extractants. These workers have 
determined many of the chemical properties of different acidic organophos­
phorus compounds, and the mechanisms by which these compounds extract 
various lanthanides and actinides at tracer concentrations. It seems 
appropriate at this time to review the research of these workers (Peppard 
et al.) in more detail, since their work has established a good deal of 
our present knowledge about the extraction chemistry of acidic organophos­
phorus compounds. 
In one of their earliest studies dealing with acidic organophosphorus 
compounds Peppard e^ aJ. (35) reported on the extraction of lanthanides by 
D2EHPA (in toluene) from aqueous chloride, nitrate and sulfate solutions. 
They employed tracer techniques, and determined that the distribution 
ratio for trivalent lanthanides was directly third-power dependent on the 
extractant concentration, and inversely third-power dependent on the 
aqueous acidity. In addition, they studied the extraction of 0.0$M solu­
tions of GdCl^, GdCMO^)^ and 0^2(80^)^ by 0.75M D2EHPA in toluene, and 
found no anion present in the organic phase back-extracts. On the basis 
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of this information they proposed the following mechanism for lanthanide 
extraction by D2EHPA (in toluene) at low concentrations: 
+ 3H0 t MG, + 3H'^ , (1) 
ors- 3org. "I-
where IIG represents a monomeric molecule of D2E1IPA. 
Shortly after this first work Peppard e^ al. (27) used a cryoscopic 
method to show that the monoacidic organophosphoric acids were dimeric 
in benzene and naphthalene. In this same work they also determined the 
density, viscosity and index of refraction of several organophosphoric 
acids. Peppard e;t (3l) then studied the extraction of lanthanides 
and actinides from perchlorate solutions by compounds of the type, 
(RCOgPC^OH) and (R0)P0(0H)2 (in toluene), where R was 2-ethylhexyl and 
para(l,l,3,3-tetramethylbutyl)phenyl. As in their earlier work (35), 
they found the distribution ratio for trivalent lanthanide and actinide 
extraction by the (R0)2P0(0H) compounds to be directly third-power de­
pendent on extractant concentration, and inversely third-power dependent 
on aqueous acidity. On the basis of this additional information they 
revised their earlier mechanism given by Equation 1, and proposed the 
following mechanism for the extraction of trivalent lanthanides and 
actinides: 
+ 3(HG) M(HG ) + 3H+ , (2) 
where {EG)^ represents a dimeric extractant molecule. In summary. Equa­
tion 2 was shown to be valid (31,35) for the extraction by monoacidic 
organophosphorus extractants (in dimerizing diluents) of trivalent lan­
thanides and actinides from aqueous chloride, nitrate, sulfate and 
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perchlorate solutions at conditions far removed from extractant saturation. 
Peppard e;^ al. (36) then extended their work to a study of tracer-
level Th(lV) extraction from aqueous chloride, nitrate and perchlorate 
solutions. They employed monoacidic extractants (in toluene diluent) of 
the type, (R0)2P0(0H), where R was 2-ethylhexyl (D2EHPA) and para(l,l,3,3 
tetramethylhutyl)-phenyl (symbolized HDO^P). Once again they determined 
the dependency of the distribution ratio upon extractant concentration 
and aqueous acidity. In a separate study (26) Peppard and Ferraro found 
that the (NO^/Th) ratio of the organic phase was approximately unity at 
saturation of the organic phase for D2EHPA. These studies suggested that 
the following two mechanisms were operative for tracer-level Th(lV) ex­
traction from aqueous chloride, nitrate, and perchlorate solutions: 
Î (3) 
+ V. + 3(HG) j ThXdiGj) + 3H; , (M 
org. org. 
where X is chloride, nitrate or perchlorate anion, and (HG)^ refers to a 
dimeric molecule of D2EHPA or HDO(()P. Tracer-level Th(lV) extraction by 
EDO(j)P from aqueous chloride, nitrate, and perchlorate solutions was found 
to follow the mechanism of Equation 3 over the entire range of aqueous 
acidities studied ('v0.03M to IM). However, Th(lV) extraction by D2EHPA 
from chloride and perchlorate media followed the mechanism of Equation 3 
at low aqueous acidities, but the mechanism became that of Equation k at 
higher aqueous acidities. The extraction of Th(lV) from nitrate solutions 
by the mechanism of Equation U was found at all experimental conditions 
studied. 
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In a later study, Peppard al. (37) investigated the extraction of 
tracer-level Th(lV) from aqueous chloride, nitrate, and perchlorate solu­
tions by a monoacidic organic phosphonate (in toluene) of structure, 
(RO)(R)PO(OH), where R was 2-ethylhexyl. The methods employed were 
similar to those of their earlier studies of Th(lV) extraction, and mixed 
mechanisms similar to those of Equations 3 and U involving aqueous anions 
(chloride, nitrate, and perchlorate) were found to occur. 
More recently, Peppard e;t aJ. (33) have utilized solvent extraction 
techniques in the determination of lanthanide (ill) stability constants 
(chloride and nitrate). Also, they have extended their studies of triva-
lent lanthanide and actinide extraction to other acidic organophosphorus 
extractants (30,32,4$). The interested reader will find access to a 
majority of the solvent extraction chemistry work of Peppard e;t al. in 
the recent reviews of Peppard (24,2$), Ferraro and Peppard (12), and 
Peppard and Mason (29). ~ 
Other contributors to the solvent extraction chemistry literature 
have been Baes et (i+) who studied the extraction of U (Vl) by D2EHPA 
(in hexane) from acidic aqueous perchlorate solutions, and Pierce and 
Peck (38) who studied tracer-level lanthanide extraction by D2EEPA (in 
toluene) from acidic perchlorate solutions. Pierce and Peck (38) also 
calculated separation factors for each of the lanthanides relative to 
each of the other lanthanides. It should be noted that their separation 
factors represent the ratios of independent distribution data and there­
fore may differ somewhat from the separation factors observed for a system 
containing two or more lanthanides simultaneously. Kolarik and Pankova 
(19) have recently reported on the effect of alkyl group on the extraction 
behavior of organophosphoric acids of structure (R0)2P0(0H). They found 
"Chat varying the alkyl group had a significant effect upon the distribu­
tion ratio (the shorter the group, the higher the ratio), but did not 
affect the separation factor greatly. 
In a series of papers, Sato (40,4l,42) reported on the extraction of 
U (VI) by D2EHPA (in kerosene) from acidic aqueous sulfate, nitrate, and 
chloride solutions. The mechanism of extraction from sulfate media was 
found to be: 
UOgZ + 2(HG)2 2 UOgfHGgig + 2H^^_ . (5) 
aq. org. org. 
However, extraction from nitrate and chloride media was found to be more 
complex than from sulfate solutions, with the following mechanisms occur­
ring, in addition to that of Equation 5, at higher aqueous acidities: 
UO+2 + 2X7 + (HG)_ 2 UO_X_'(HG)_ (6) d aq. d d d d 
aq. ^ org. org. 
"Iq.  +  +  (BG's  ;HX.(HG) ,  (7)  
^ ^ org. org. 
where X is nitrate or chloride. 
Aqueous uranyl solutions containing approximately 5 g/1 of UO^X^ were 
employed in this series of studies. For this uranyl salt concentration 
the mechanisms of Equations 6 and 7 became important at aqueous acidities 
>3M for the nitrate system and >6M for the chloride system. 
To the author's knowledge, the only evidence to date of trivalent 
lanthanide extraction by D2EHPA involving a mechanism other than the ion-
exchange mechanism of Equation 2 was that reported by Shaw and Bauer 
(44). They found that the distribution ratio for the extraction of 
ti'ivalent cerium by D2EHPA (in xylene) from acidic aqueous nitrate solu­
tions reached a minimum at an aqueous nitric acid concentration of 5M and 
then increased for nitric acid concentrations >5M. This behavior was 
attributed to a change of extraction mechanism but they did not perform 
any mechanism, studies to support this conclusion. 
Goto and Smutz (l4) determined separation factors, p^, for the 
extraction of neodymium and praseodymium by D2EHPA (in Amsco 125-82) from 
aqueous perchlorate, chloride, nitrate and chloride-nitrate solutions. 
They showed that the separation factor could be expressed by an equation 
comprised of the product of an extractant-dependent term and an aqueous 
ligand-dependent term when extraction occurred by a single ion-exchange 
reaction. 
Recent general reviews of the solvent extraction chemistry of acidic 
organophosphorus extractants include those of Blake et al. (8), Marcus 
(23) and Baes (2). Some recent British studies of the extraction charac­
teristics and aqueous solubility of mono- and di-n-butyl phosphoric acids 
are reviewed by Hardy (16). 
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DEVELOPMENT OF FUNDAMENTAL EXTRACTION RELATIONS 
The following factors, many of which are discussed by Peppard and 
son (29), should be (•'••::Gidered as potentially important determinants 
the extraction behavior of acidic organophosphorus extractants: 
1. The state of the metal (M) in the aqueous phase. This 
may include: 
a. Complexing equilibria between M and inorganic 
ligands. These equilibria are in turn depend­
ent upon the type of anion present and the 
solution concentration. 
b. Hydration of the metallic cations. 
c. Hydrolysis of the metallic cations. 
2. Competitive extraction of cations other than M. 
3. The state of aggregation of the extractant (monomeric, 
dimeric, etc.) and its degree of dissociation as an 
acid in the organic phase. 
4. The distribution of extractant between the aqueous 
and organic phases at equilibrium. 
5. The state of aggregation of the extractant and its 
degree of dissociation in the aqueous phase. 
6. The formation of complexes between M and extractant 
in the aqueous phase. 
7. The presence of anions other than those of the 
extractant in the extracted species. 
'8. The nature and relative amounts of different M-
containing species in the equilibrated organic phase.' 
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9- The Cl'Toe o of diluent upon the L^tate of a%%re%ation of 
uhe extracLant and its extraction characteristics. 
Diluents may have pronounced effects upon the extrac­
tion characteristics of a given solvent (10,22,29) and 
thus should not be considered inert. 
10. Kinetic (time) effects. 
11. Temperature effects. 
These factors relate to the present study of D2EHPA extraction of triva-
lent lanthanides as follows : 
1. a. Complexing equilibria between lanthanides and inorganic 
ligands are described in terms of stability constants and 
these will be employed in the derivation of the most general 
extraction relations. 
b. Diamond and Tuck (ll) and Peppard (25) have discussed 
the importance of the primary hydration sphere in solvent 
extraction processes. Hydration effects, especially for 
trivalent lanthanides, are probably quite important but they 
cannot be treated quantitatively at present. 
c. In the present study, the pH of the aqueous solutions 
was always considerably below the region of lanthanide 
hydrolysis (7) and therefore lanthanide hydroxides were 
assumed to be absent. 
2. The only competitive cation present in the aqueous phases 
of this study was hydrogen ion. Supporting studies showed 
that a negligible amount of aqueous acid (HCl or HCIO^) 
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vas extracted by D2EHPA for aqueous acidities uxd to 6m. 
3. A discussion of possible aggregation states for D2EHPA 
in various diluents will be included in the Discussion of 
Results section. Few values are available for the acid 
dissociation constants of D2EHPA in various diluents. 
These constants should be important indicators of the 
extraction behavior of D2EHPA, since they reflect the 
ease with which the acidic hydrogen of D2EHPA may be replaced. 
4-6. Peppard and Mason (29) have shown that the effect of extractant 
present in the aqueous phase may be ignored for the case of 
Û2EHPA in aromatic diluents. This observation was assumed to 
hold for the present case of hydrocarbon diluent on the basis 
of the similar behavior of D2EHPA in all nonhydrogen bonding 
diluents. 
7-8. The organic M-containing species observed in the present 
work will be treated in detail in the Discussion of Results 
section. 
9. All equilibrium studies in the present work were carried 
out with IM solutions of D2EHPA in Amsco, and in this 
respect eliminated the diluent as a variable. The effect 
of diluent upon the solvent-dependency studies will be 
treated in the Discussion of Results section. Supporting 
studies showed that no samarium perchlorate was transferred 
to the organic phase when an ~2.7M aqueous samarium per­
chlorate solution was contacted with pure Amsco. 
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10. Supporting studies showed that equilibrium was achieved 
within one minute for the method of contacting employed. 
To be certain of eliminating possible kinetic effects, 
the samples were contacted for a total of ten minutes. 
11. The two possible sources of system temperature variation 
in the present work were the heat of reaction (extrac­
tion) and variation of ambient temperature. The problem 
of heat of reaction (though observed to be quite small) 
was eliminated by contacting the samples for six minutes, 
allowing them to stand for one hour, and then contacting 
again for a period of four minutes. The ambient tempera­
ture was 25 + 1°C and this variation was observed to have 
a negligible effect upon equilibrium values. 
A general expression will now be derived for the stoichiometric 
separation factor, 6^ The derivation will be for lanthanide extrac­
tion by D2EHPA occurring simultaneously by two reactions, since the case 
of three or more simultaneous reactions is an obvious extension of the 
present development. In addition, the development will be restricted to 
single-anion rather than mixed-anion systems. 
The two assumed extraction reactions are: 
<4. + SCHG)^  Î MCHGj) 4. (8) 
^ org. org. ^ 
and 
+ 3A~ + bY -> MA,-bY , (9) 
aq. aq. org. •<- 3 org. 
where Y represents some as yet undetermined extractant entity. The 
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equilibrium constant for the reaction of Equation 8 is. 
(10) 
and -chat of Equation 9 is, 
[MA .BY]^  
(11) 
where the brackets refer to activities. Equation 8 is the ion-exchange 
reaction proposed by Peppard e;b al. (29,31), and Equation 9 is. similar 
to a TBP-type reaction involving aqueous anion. It should be noted here 
that the cation and anion have been designated as separate reactants in 
Equation 9, in agreement with the practice of other workers (l8,37). To 
represent the extractable metal species as MA^ would seem inappropriate 
for an anion such as perchlorate which is known to have very weak com-
plexibility with the lanthanides in aqueous media (2l). For the lantha-
nide perchlorates, and possibly chlorides and nitrates in dilute solutions, 
the extractable species may be transient ion-pairs rather than the true 
complexes for which conventional stability constants are known. 
For weakly-complexing anions such as those used in the present work, 
it is generally assumed that the metal species present in the aqueous 
phase are MA^ and MA^ (l8,2l). Since lanthanide hydroxides 
are absent for the conditions of this study, the distribution of metal in 
the aqueous phase may be represented by the following complexing 
equilibria: 
M 
,+3 
+ A i MA 
+2 (12) 
15 
+ 2A Z MAG (^ -3) 
+ sa" MA . (lU) 
The following stability constant relations may then be written for Equa­
tions 12-lk, respectively: 
[ma"^ ]^ 
^ [M+3] [A-]2 
8, 3. 
where the are over-all stability constants. 'Equations analogous to 
Equations 8-17 may also be written for lanthanide N. 
If two lanthanid.es, M and K, are present simultaneously in a system 
satisfying the restrictions noted above, then by an approach similar to 
that of other authors (lU,15,18), the thermodynamic separation factor may 
be defined as : 
Tr^oi 
T„ '-"A-'M 
[MfHGg)^]^ + [MA^-bY]^ 
i + [MA^^] + [MA^] + [MA_] j 
a _ _ S â & j a ' c \ 
T^gO] ( [NtHGg)^]^ + [M^-bY]^ ^ ^ ^ 
I + [SAp^ + [SAj]^ 
Using the appropriate stability constant expressions of Equations 15-17 
for both M and N yields: 
l6 
" I [NfHGgjglg + [NAg'bY]; 
[N+3]* 
[M+3]_ 
I 1 + 3..JA ]„ + 3om[A"]? + e,.,[A"]2 IMT 2M' 3Mr a , 
(19) 
[M(HG ) ] + [MA_-bY]^ d jj o j o 
[N(HGg)_]^ + [NA,-bY] 
c j O j O 
[N+S] 
1 
' 1=1 
-n 1 
a 
V 1 + I 3.„[A 
J=1 jM " "a 
(20) 
Eliminating the organic metal species appearing in Equation 20 by using 
the equilibrium relations of Equations 10 and 11 for M and ÏÏ then gives: 
( ™ 
[r nX 
M 
IvX 
Ki[A-]3[ï)J 
1=1 
1  V ' l i J  
J--L 
(21) 
T, At this point it should be noted that the value of ^ as expressed 
by Equation 21 may vary considerably for different experimental conditions 
although it has been expressed in terms of activities for isothermal con-
T ditions, etc. This is because ^ is dependent on two different ex­
traction reactions, and may be thought of as composed of two terms: 
T, 
^M,N ^ ^ ^M,N 
(22)  
To T 
In Equation 22, ^ and ^ are the thermodynamic separation factors 
for binary systems extracting solely by the reactions of Equations 8 or 
9, respectively. The weighting factors x and y are related to the frac­
tion of metal extracted by each of these reactions. 
Although it is often convenient, from a theoretical point of view, 
to express quantities such as the separation factor in terms of activities, 
it is usually more practical to measure concentrations in actual work. 
Replacing each of the activities in Equation 18 by the product of species 
molar concentration times the corresponding species activity coefficient 
gives (in abbreviated form): 
m ^Mo • 
3 =3 — fp^) 
M,W M,N - - ' 
^No • YM+ 
where 3j^ ^ is the stoichiometric or concentration separation factor, and 
the etc. are average molar activity coefficients. These average 
molar activity coefficients, which are discussed in more detail by Gray 
(15), are not the same as the mean molal or mean molar activity coeffici­
ents generally available, but they probably behave very much like the 
latter. In fact, for weakly-complexing anions such as perchlorate, 
and are identical with the mean molar activity coefficients even at 
moderate concentrations. 
T Solving Equation 23 for 3^ ^  and substituting for 3^ ^  from Equa­
tion 21 gives the final desired result for the stoichiometric separation 
•factor: 
18 
1 I g =: \ ^ > 
(H+) 
a 
^ Gi%(A )a_\ f^No'^M+ 
1=1 I ' - I (24) 
3 _ 
a + Z 6._(A )'^ f I ^Mo-'^K+ 
j=l ^ 
The leading term of this expression is seen to reduce to the appropriate 
value of either K^/K^ or when extraction is occurring by only one 
of the two reactions of Equations 8 and 9-
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EXPERIMENTAL PROCEDURES 
Materials 
The rare-oarth oxides used in this work, supplied by the Rare-Earth 
Separation Group of Ames Laboratory, had purities (with respect to other 
rare earths) of greater than 99-9%-- All acids and other chemicals employ­
ed throughout the work were of reagent grade purity. 
The D2EHPA used for macroscopic equilibrium studies, obtained from 
Union Carbide Corporation, was 98.8% monoacidic. For solvent-dependency 
and acid-dependency studies, this 98.8# D2EHPA was further purified. This 
purification consisted of washing the D2EHPA thoroughly with 6M HCl, con­
tacting several times with NaOH to form the sodium salt, and finally con­
verting the salt back to the acid by contacting repeatedly with HCl. 
D2SHPA purified in this manner was found to be 99-1% monoacidic, by 
titration with NaOH. 
Solutions having a given D2EHPA concentration were prepared by adding 
appropriate diluent to pure D2EKPA. The diluents employed were Amsco 
Odorless Mineral Spirits (a hydrocarbon diluent), obtained from the 
American Mineral Spirits Co., Baker reagent grade toluene, and Baker 
reagent grade carbon tetrachloride. Unless otherwise noted all D2EHPA 
concentrations vere reported on a monomer basis. 
Preparation of Rare-Earth Stock Solutions 
The RECl^ stock solutions were prepared by dissolving the appro­
priate REgO^ in excess reagent grade HCl, evaporating the excess HCl by 
heating on a hot plate, and then titrating the solution with HCl to the 
20 
equivalence point (that point at which the RE:C1 ratio is 1:3). The 
equivalence point was determined from the break-point of a plot of pH 
versus milliliters of HCl added. 
A slightly different method was employed for the preparation of 
HE(C10, )_, and RE(K0 stock solutions, due to the low volatility of 
4 Û J Û 
KCIO^ and KNO^. These stock solutions were prepared by dissolving more 
zhan a stoichiometric quantity of RE^G^ in a given amount of reagent 
grade acid, filtering away most of the excess oxide, and then titrating 
the filtrate with HCIO^ or to the equivalence point. 
Equilibrium Studies 
In the single-component equilibrium studies, equal voluiries of ex-
tractant and aqueous solution were placed in a separatory funnel, shaken 
vigorously for six minutes, allowed to stand for one hour, and again 
shaken for four minutes. Supporting studies showed that equilibrium was 
achieved within one minute for the method of contacting described. The 
extracted species were recovered from the organic phase by back-extrac­
ting four times with either 3M or 6M KCl. Supporting studies showed 
that a negligible amount of metal remained in the organic phase after 
four such back-extractions. All equilibrium studies were carried out at 
25 ± 1°C. All equilibrium data were taken at least twice, and individual 
analyses were always run in duplicate. 
The equilibrium lanthanide concentrations of both the aqueous and 
organic phases were determined by titration with 0.05M EDTA, using xylenol 
orange as the indicator (U6). 
Equilibrium perchlorate concentrations of the organic phases were 
determined by the spectrophotometric method of Fritz ^  ai. (13). Cali­
bration plots were first prepared as described by Fritz et (13) using 
NaClO^ and NaCl solutions having accurately known concentrations. Per-
chlorate analyses of the equilibrated organic phases were performed on 
the organic back-extracts using HCl as the back-extracting acid. These 
back-extracts were then neutralized with NaOH and diluted to bring the 
perchlorate concentrations within the best analytical range. The re­
mainder of the procedure, using these neutralized unknowns, was precisely 
as described by Fritz et (13) . 
The equilibrium hydrogen-ion concentrations of the equilibrated 
aqueous phases were determined by ion exchange (l) or by the pH dilution 
method (l4). In the ion-exchange method Dowex 50W-X-8 resin was employed 
to remove the lanthanide ions. The total equilibrium acidity (represent­
ing both lanthanide and free acid) was then determined by titration with 
NaOH, using phenolphthalein as the indicator. This total equilibrium 
aqueous acidity and the known equilibrium lanthanide concentration (deter­
mined by EDTA) were then used to compute the free equilibrium aqueous 
hydrogen-ion concentration. In the dilution method, a sample of the equi­
librated aqueous phase was diluted quantitatively to bring the pH to 
approximately 2. The pH of this diluted sample was then accurately mea­
sured with a Beckman Expandomatic pH meter. The equilibrium aqueous 
acidity of the original solution was then determined by appropriate mul­
tiplication of the diluted sample's hydrogen-ion concentration. Support­
ing studies showed that non-ideality complications (due to the presence 
of lanthanide ions) were eliminated for the dilutions employed. 
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Separation Factor Studies 
Equilibrium data were also obtained for binary systems containing 
bo"ch neodymi'uni and samarium. The methods employed in determining total 
equilibrium data for these binary systems were the same as those just 
described for single-component systems. In addition, a spectrophoto-
metric method was used to determine the relative amounts of neodymium 
and samarium in the equilibrated aqueous and organic phases. Portions of 
the equilibr^ed aqueous samples and back-extracted organic samples were 
precipitated with saturated oxalic acid and ignited to the oxides in the 
usual manner. Weighed portions of these oxide mixtures were then dis­
solved in perchloric acid, and the relative amounts of neodymium and 
samarium were determined spectrophotometrically by the method of Banks 
and Klingman (5). The samarium absorbancies were read at a wavelength 
of UOI.5 and a slit width of 0.03 mm on a Beckman DU spectrophotometer. 
The neodymium absorbancies were read at a wavelength of 575*5 ny and a 
slit width of 0.03 imn. Cell corrections were made in all cases, and 
samples were run in duplicate. 
DISCUSSION 01'' RESULTS 
The System SmCl -HCl-HgO-lM D2EirPA-Aiasco 
Figure 1 shows the equilibrium curve for the extraction of samarium 
from aqueous chloride solutions by IM D2EHPA. This curve defines equili­
brium extraction systems having identical equilibrium aqueous acid con­
centrations of O.oOM. 
The shape of the equilibrium curve may be explained in terms of, (l) 
increasing HCl activity as aqueous ionic strength increases, (2) decreas­
ing free extractant concentration as organic metal concentration increases 
and (3) complexing between samarium and chloride in the aqueous phase. 
The flattening of the curve at aqueous samarium chloride concentrations 
just below 0.5M is most likely due to both a decrease in the amount of 
free extractant and to an increase of HCl activity. The curve defines 
points having a constant equilibrium aqueous KCl concentration of 0.60M 
for various equilibrium aqueous sajnarium chloride concentrations. However 
HCl activity probably increases along this curve as aqueous saiaar.ium 
chloride concentration increases. This increasing KCl activity would 
depress metal extraction by the ion-exchange reaction of Equation 8, since 
this extraction reaction is inversely third-power dependent upon equili­
brium aqueous HCl activity. In addition, complexing between samarium and 
chloride in the aqueous would decrease organic metal concentrations 
according to Equation 8 because it would remove trivalent samarium, one 
of the reactants. Thus, the observed decrease of equilibrium organic 
metal concentrations at high aqueous samarium chloride concentrations may 
be due to both increasing HCl activity and to complexing between samarium 
Figure 1. Equilibrium curve for the SniCl^-HCl-H^O-lM D2EHPA-Anisco sys 
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and. chloride in the aqueous phase, 
The equilibrium data of Table 1 indicate that three hydrogen ions are 
transferred to the aqueous phase for every samarium ion extracted, over 
the entire concentration range studied. 
Table 1. Equilibrium data for the system SmCl^-HCl-HgO-lM D2EiiPA-Airisco 
Equilibrium (Sra), M Measured oauilibrium 
(H). ... , initial aa. 
Aq. Org. M M 
0.0263 0.0750 0.532 0.525 
0.15k 0.0985 0.608 0.596 
0.400 0.1045 0.601 0.613 
1.128 0.0860 0.612 0.608 
1.956 0.0712 0.603 0. 6l4 
2.380 0.0644 0.605 0.593 
This is true because the sum of the initial aqueous acidity and three 
times the equilibrium samarium concentration of the organic phase agrees 
well with the measured equilibriuia aqueous acidity, for each experimental 
point. This was also found at tracer concentrations by Peppard e^ al. 
(35). In addition, silver nitrate tests showed no appreciable chloride 
content for any of the equilibrated organic phases. These observations 
suggest that samarium extraction from aqueous chloride solutions by 
D2EHPA occurs by only the following reaction at low, moderate, and high 
aqueous samarium chloride concentrations in the presence of low aqueous 
acidities : 
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Sm+3 + 3(HG)_ 2 Sm(HG_)_ + . (25) 
"IS- o^rg. 2 3ORG, aq-
However, solvent-dependency and acid-dependency studies were carried out 
for saiiiariura extraction from chloride media into D2EHPA-Amsco solutions, 
as further verification for the reaction of Equation 25-
Solvent dependency studies for the system SmCl^-KCl-H20-D2EH?A-Aasco 
The equilibriuta constant expression for Equation 25 is: 
[Sm(HG ) ] [H+3] 
KS" 1 +1 ^ (26) 
" [(HG)g]3 [Sm 3]^ 
a 0 d. 
Rearranging Equation 26 gives : 
[K^lJ , (27) 
and taking the logarithm of both sides of Equation 27 yields: 
log K [Sm^2] + 3 log[(KG) ] = log [Sm(KG_)_]^ + 3 log [H+] . (28) 
Oi.i d, c O c 0 V a. 
For experiments run at greater than tracer aqueous samarium concentrations 
and at a moderate aqueous acidity (~2M), only a small fraction of.the 
metal in the aqueous will be extracted. Under these conditions 
and [H remain nearly constant as extractant concentration is varied. 
The slope of a plot of log [Sm]^ versus log [(HG)^]^ should then give the 
extractant dependency for samarium extraction by D2EKPA from chloride 
media at greater than tracer samarium concentrations. 
Solvent dependency data for the system 0.10 M SmClg-2.0M HCl-K^O-
D2EEPA-Amsco are sho>m on Figure 2. These data determine a straight line 
of slope 1.6l on a log-log plot, indicating a solvation number of 1.6l. 
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This value is considerably less than the value of 3.0 expected for ex­
traction by bhe reaction of Equation 25- On Figure 3, solvent dependency 
data are shown for the system 2.55 M SrnCl^.-l. 0 M IICI-H 0-D2SiiPA-Arf.sco. 
The solvent dependency of 2.0 indicated by the slope of the straight line 
on this plot again differs from the expected value of 3.0. However, the 
organic metal concentrations are rather high for this latter study which 
thus complicates the composition of the organic phase and may explain why 
the slope is greater than that found for lower organic metal concentra­
tions (i.e. 2.0 as compared to 1.6l). 
Possible explanations for the discrepancy between the observed sol­
vent dependency and that expected for extraction by the reaction of Equa­
tion 25 are, (l) formation of D2EHPA aggregates of higher molecular weight 
than dimers in the organic phase, (2) variation of D2EHPA activity at the 
rather high D2EHPA concentrations employed (i.e. nonideal behavior), or 
(3) extraction by an entirely different reaction than that of Equation 25, 
such as: 
Sm^^ +1.5 (HG)g ^ SmG„ + SH"*" (29) 
^org. ^ ^org. 
The following supporting studies were carried out to determine which of 
these explanations were important for the present system. 
Vapor -pressure osmometer studies Vapor pressure data for D2SHPA-
diluent solutions were obtained with a Mechrolab Model 301A vapor pressure 
osmometer. The results of the vapor pressure studies for D2EHPA-Amsco 
solutions are given in Table 2. These data show that the measured dimeric 
D2EHPA activities become less than the calculated dimeric concentrations 
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Tabic 2. Vapor prosuure osmometer determination of erfective D2EHPA 
concentrations for D2^HPA-Amsco solutions 
y.easured dimeric Theoretical dimeric D2EHPA 
D2EIIPA activity, M concentration, M, (calculated 
from amount of weighed D2EKPA) 
0.051 0.050 
0.095 0.100 
0.l40 0.150 
0.185 0.200 
0.206 0.250 
as D2SKPA concentration increases for D2EHPA-Ainsco solutions. This dif­
ference could be due to either the formation of D2EHPA aggregates of 
greater than dimeric molecular weight (e.g. trimers) or to a negative 
deviation from ideal solution behavior. Baes (3) nas reported similar 
behavior for D2EHPA-octane solutions. 
Similar vapor pressure data for D2EHPA-toluene solutions are given in 
Table 3- For these solutions, the measured D2EEPA activities are higher 
than the calculated dimeric concentrations, indicating considerably dif­
ferent behavior for D2SHPA-Amsco and D2EHPA-toluene solutions. This dif­
ference in behavior is seen to be in agreement with the solvent dependency 
data for the system O.IOM SmCl^-O.SOM HCl-HgO-E^EHPA-toluene, shov/n on 
Figure U. This plot indicates a solvent dependency of 3-35 for samarium 
extraction into D2EH?A-toluene solutions, which is greater than the ex­
pected value of 3.0, and opposite to the deviation found for D2EE?A-Amsco 
solutions. 
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Table 3. Vapqr pressure osmometer determination of effective D2EiiPA 
concentrations for D2ElIPA-toluene solutions 
Kcajured dimeric 
D2ERPA activity, K 
Theoretical dimeric D2L'n?A 
concentration, M, (calculated 
from amount of weighed D25KPA) 
0.C25 
0.050 
O.lOo 
0.167 
0.235 
0.330 
0.025 
0.050 
0.100 
0.150 
0.200 
0.250 
It should be noted that these vapor pressure studies are complicated 
not only in that they fail to differentiate between aggregation and non-
ideality, but further by unknown nonideal behavior for the calibrating 
systems. These studies are therefore qualitative rather than quantitative. 
Infrared studies Infrared studies were carried out to study pos­
sible aggregation effects without the added nonideality complications. 
These spectra were obtained with a Beckman Model IR-7 infrared spectro­
photometer, using 0.05 mm KBr cells. Spectra showing the OH stretching 
band for IM D2SHPA solutions in various diluents are shown on Figure 5. 
These spectra are seen to be quite similar for D2EHPA-Amsco and D2EHPA-
toluene solutions. There are two different OH stretching bands present 
for D2EHPA in all three diluents which may be due to the presence of dif­
ferent D2EKPA aggregates (dimers, trimers, etc.). 
3k 
CO 
< 
rOLUENZ 
OH STRETCH 
o 50 — 
CO 
M 
2800 2S00 24013 2200 2000 
FREQUENCY (cm h 
Figure 5- Infrared spectra for IK D2EHPA solutions in various diluents 
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These spectra indicate that aggregation effects, if present, are not 
greatly dependent on diluent, since the spectra are quite similar for all 
three diluents. Thus, the differences between diluents observed in the 
vapor pressure studies most likely reflect nonideal behavior for D2EHPA-
diluent solutions. 
Macroscopic saturation studies The remaining possible explanation 
for the observed solvent dependency of I.6I is that an entirely different 
extraction reaction, such as: 
Sm+3 +1.5 (HG)g $ SmG, + 3H+ (29) 
org. ^org. 
is operative for samarium extraction from chloride media into D2EHPA-
Amsco solutions. If samarium is extracted into a 1 M D2EHPA solution 
(monomer basis) according to the reaction of Equation 29, then this 
organic phase should be completely saturated at an organic samarium con­
centration of 0.33 M. Such a macroscopic saturation study was carried 
out for samarium extraction from an aqueous chloride solution into a 1 M 
(monomer basis) D2EHPA-Amsco organic phase. Saturation was taken as that 
point at which a solid first appeared (gel formation) in the organic 
phase (31). This point was approached very gradually by adding small 
quantities of a concentrated aqueous samarium chloride solution (from 
a burette) to an extraction system already near saturation. This extrac­
tion system was found to be near saturation by previous trial equilibra­
tions. The results of this study, given in Table 4, show that gel forma­
tion occurred in the presence of a liquid organic phase having a samarium 
concentration (0.1305M) well below the value of 0.33M expected for an 
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Table ^. Equilibrium conditions corresponding to first observable gel 
formation for the system SraCl^-HCl-H^O-lM D2EHPA-Arrisco 
(Sm) ,M 
— aq. — 'Sl' ors. <a' aq. 
0.272 0.1365 0.35 
extraction following Equation 29» 
These supporting studies indicate that the discrepancy between the 
observed solvent dependency of I.61 and the expected value of 3.0 for 
samarium extraction from chloride media into D2EHPA-Amsco solutions is 
most likely due to nonideal behavior of the D2EHPA-Amsco solutions. The 
observed negative deviation from ideality should yield a slope of less 
than 3.0 since the concentration is varying over a wider interval than 
the activity. If quantitative activity data were available for replotting 
Figure 2, then a slope of greater than I.61 would be expected since the 
abscissa would be compressed for negative deviation from ideality. 
Acid dependency study for the system O.IOM SmCl^-HCl-WaCl-H^O-lM D2EHPA-
Amsco 
Solving the equilibrium constant expression of Equation 25, 
[Sm(HG ) ] 
' 
for [SmtHGg)^]^ yields: 
K [(EG) [8m+3] 
[Sm(HG ) ] = (30) 
2 3 o [H+]3 
Equation 30 shows that the organic sanjarium concentration should be 
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inversely third-power dependent upon equilibrium aqueous acid activity 
for an extraction following the reaction of Equation 25* However, ex­
periments must be run with the free extractant activity and the equili­
brium aqueous samarium activity constant throughout, or in other words, 
such that only a small fraction of the aqueous samarium is extracted. 
Such a study was made for the system 0.lOM-SmCl^-HCl-NaCl-H^O-lM D2EHPA-
Amsco. The aqueous phase ionic strength was kept constant in this study 
by replacing HCl with îîaCl as the acid concentration was reduced. Sup­
porting studies showed that no sodium was extracted at the acid concen­
trations employed. 
Acid dependency data for the system O.IOM SmCl^-HCl-NaCl-H^O-lM 
D2EHPA-Amsco are shown on Figure 6. The aqueous acid activities for this 
plot were calculated using the data of Hawkins (17) for HCl-WaCl-H^O 
solutions. This procedure was considered valid for the present system 
since samarium chloride was a minor constituent. The data of Figure 6 
determine a straight line having a slope of -2.93, which is in good 
agreement with the expected inverse third-power acid dependence for the 
reaction of Equation 25. 
The above solvent-dependency, acid-dependency, and other supporting 
studies taken together lend most support to the following extraction re­
action for samarium extraction from chloride media into D2EHPA-Amsco 
solutions : 
Sm+3 + 3(HG)2 J (25) 
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The Systems Nd(C10^)g-HC10^-H20-lM D2EHPA-Amsco 
and SmfClO^j^-HClO^-HgO-lM D2EHPA-Amsco 
Figure 7 shows the equilibrium curves for the extraction of neodymium 
or samarium from aqueous perchlorate solutions by IM D2EHPA. The equili­
brium curve of samarium for the perchlorate system is seen to differ con­
siderably from that of the chloride system shown on Figure 1. The curve 
for the perchlorate system rises and flattens in the low concentration 
region, as it also does in the chloride system, but does so more slowly 
and at higher organic metal concentrations than for the chloride system. 
This behavior most likely reflects the much weaker interaction between 
samarium and perchlorate than between samarium and chloride. Again, the 
flattening of the equilibrium curve in this region is most likely caused 
by both a decrease in the amount of free extractant and an increase in 
the aqueous acid activity. At aqueous lanthanide concentrations above IM, 
however, the equilibrium curves for the perchlorate system show a marked 
upward break, unlike the curve of the chloride system. This rapid rise of 
the perchlorate system equilibrium curves after a level portion suggests 
the possibility of metal extraction by other reactions at higher per­
chlorate concentrations. Further evidence of a new extraction reaction 
was afforded by the fact that observed hydrogen-ion concentrations were 
below the values expected for extraction by only the ion-exchange reaction 
of Equation 25-
More complete equilibrium data were taken in an attempt to learn 
more about the suspected new reaction. The results of this equilibrium 
study, given in Table 5j show that substantial perchlorate begins to 
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Table 5- Equilibrium data for the system SmCClO^)^-HCIO^-H^O-IM D2EHPA-Amsco 
Measured /„•> + Measured 
Equilibrium (Sm), M equilibrium initial org. equilibrium 
Aq. Org.- M : M , M 
0.0274 0.0706 0.622 0.618 nil 
0.1431 0.1043 0.629 0.621 nil 
0.387 0.1144 0.658 0.651 nil 
0.436 0.1160 0.660 0.655 nil 
0.875 0.1220 0.657 0.658 0.002 
1.125 0.1231 0.667 0.669 0.006 
1.363 0.1268 0.655 0.673 0.019 
1.617 0.l408 0.667 0.722 0.050 
1.818 0.1545 0.678 0.747 0.091 
2.096 0.1727 0.656 0.800 0.178 
2.341 0.1907 0.603 0.856 0.272 
2.494 0.1991 0.582 0.882 0.325 
h2 
appear in the equilibrium organic phase at an aqueous samarium perchlorate 
concentration corresponding to the upward break of the equilibrium curve 
of Figure 7- In addition, Table 5 shows relatively good agreement between 
the hydrogen-ion discrepancies and the measured perchlorate concentrations, 
which should be equal on the basis of charge conservation. These data 
are therefore strong evidence for the appearance of other extraction re­
actions at high aqueous samarium perchlorate concentrations. 
A plot of the equilibrium organic perchlorate concentration versus 
corrected equilibrium organic metal concentration (shown on Figure 8) was 
then made using the data of Table 5- The equilibrium organic metal con­
centrations were corrected slightly for the three points of highest per­
chlorate concentration. This was done because the hydrogen-ion data in­
dicate that there is a decrease in the contribution of the ion-exhange reac­
tion of Equation 25 at equilibrium aqueous samarium perchlorate concentra­
tions >2M. The slope of the plot of Figure 8 is seen to be zero for low 
equilibrium organic metal concentrations and then abruptly becomes approxi­
mately 3 (2.95 ji 0.09 with a 95% confidence interval) at a point corres­
ponding to the upward break of the curve of Figure J. This evidence, 
though not a rigorous proof, strongly suggests that there are only two 
important reactions for samarium extraction by D2EHPA from perchlorate 
media, and that these reactions are: 
sm+3 + 3(HG) j Sm(HG ) + 3H^ . (25) 
org. ^ ''org. 
and 
^ b?.rg. Î , (31) 
Figure 8. Relation between perchlorate concentration and samarium con­
centration of the equilibrated organic phases for the 
Sm(C10^)^-HC10^-H20-lM D2EHPA-Amsco system 
SiD^ = the total measured organic samarium concentration 
Sm*+ = the maximum organic samarium concentration con­
tributed by the ion-exchange mechanism of Equation 
25, as determined from equilibrium hydrogen-ion 
concentrations 
Sm^+ = the observed organic samarium concentration con­
tributed by the ion-exchange mechanism of Equation 
25, calculated from measured equilibrium hydrogen-
ion concentrations 
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where Y is some as yet undetermined extractant entity having solvation 
number, d. 
Separation Factor Studies for the System 
NdfClO^j^-SmfClO^ig-HClO^-HgO-lM D2EHPA-Ainsco 
Due to the weak complexing (2l) between perchlorate and lanthanides 
(i.e. stability constants ~0), the general expression for the stoichio­
metric separation factor (Equation 2k) reduces to the following simpli­
fied form for the Nd-Sm-perchlorate system: 
\3 
6 = / 
*Sm,Nd ^ 
(H ) 
a 
Y Wd 
'8m 
'Sm+ 
'Nd+ 
(32) 
At low aqueous lanthanide perchlorate concentrations extraction is 
occurring solely by the ion-exchange reaction of Equation 8, so that in 
this region Equation 32 further reduces to: 
^Sm "^Wd 0 '^Sm+' 
Sid 
' ^ Sm ' 
(33) 
Figure 9 shows the experimentally determined separation factor, 
^Sm Kd' ^ function of equilibrium aqueous lanthanide perchlorate con­
centration. The low-acid curve (0.3M HCIO^ initially) rises slowly to a 
broad maximum at an equilibrium aqueous lanthanide concentration of 'vlM 
and then decreases rapidly as aqueous lanthanide concentration increases 
beyond IM. The shape of the curves of Figure 9 will now be discussed 
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•with the aid of Equations 32 and 33. 
Equation 33 applies in the region to the left of the maximum for the 
low-acid curve. Since the equilibrium constant ratio is not a function of 
concentration, it cannot be the cause of the slight increase of , 
om 5 u. • 
In the separation factor studies the relative volumes of the aqueous and 
organic phases were varied in such a manner that the total organic metal 
concentration remained nearly constant throughout. As a consequence, the 
ratio of organic phase activity coefficients should remain nearly constant 
for all experimental conditions, and thus this term should not cause the 
slow increase of in the low lanthanide concentration region. It bm 5 i>i cL 
would thus appear that the aqueous activity coefficient ratio, 
may be responsible for the observed increase of g at low aqueous Ian-
om ) iv d. 
thanide concentrations. However, a factor such as hydration equilibria 
between neodymium and samarium, which has not been considered in the 
development of Equation 33 may be the explanation for the slight increase 
observed. 
Equation 32 applies in the region to the right of the maximum of the 
low-acid curve. Once again, the organic phase activity coefficient ratio 
should remain nearly constant and thus should not be responsible for the 
observed decrease of in this region. There are no data available 
for the mean molal activity coefficients of concentrated aqueous lanthanide 
perchlorate solutions. However, it is likely that this ratio, 
increases as lanthanide concentration increases in the high concentration 
region, as has been observed by Saeger (39) for the aqueous lanthanide 
chlorides. Thus, the sharp decrease of at aqueous lanthanide 
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concentrations >1M must be due to the leading term of Equ&tion 32, or, in 
other words 5 to the appearance of the second extraction reaction at 
higher perchlorate concentrations. It should be noted that the maximum 
of the low-acid separation factor curve of Figure 9 corresponds very 
closely with the upward break of the neodymium equilibrium curve of Figure 
7. The observed decrease of at higher perchlorate concentrations bm,i\ld 
indicates that the extraction reaction of Equation 9 occurring at high 
aqueous lanthanide concentrations is much less selective between samarium 
and neodymium than the ion-exchange reaction of Equation 8, or that 
The high-acid curve of Figure 9 is seen to be similar to the low-acid 
&gm curve except that its position is shifted down and to the left of 
the low-acid curve. The shift of the maximum to the left of the low-acid 
curve can be explained in terms of the onset of extraction by the high-
perchlorate reaction at a lower equilibrium aqueous lanthanide concentra­
tion. The high-perchlorate reaction begins at lower aqueous lanthanide 
concentrations in this case because of the additional perchlorate afforded 
by the higher initial acid concentration. This would also tend to explain 
why the high-acid curve lies beneath the low-acid curve in the region of 
high aqueous lanthanide concentrations, since a greater portion of the 
total metal extraction at the high-acid conditions would be contributed 
by the less selective high-perchlorate reaction. However it is con­
siderably more difficult to explain why the high-acid curve lies below 
the low-acid curve in the low aqueous lanthanide concentration region, 
because hydrogen-ion balances indicate that extraction occurs by only the 
kg 
ion-exchange reaction in both cases. 
The System Sm(NO ) -HNO -HgO-lM D2EKPA-Amsco 
Equilibrium data for samarium extraction from acidic aqueous nitrate 
solutions are shown on Figure 10. The equilibrium curve is similar to 
that for the perchlorate system, although it has less of an inflection 
than the latter. This similarity of the equilibrium curves for the per­
chlorate and nitrate systems suggests that the extraction reactions for 
lanthanide extraction by D2EHPA may be the same for these two systems. 
The equilibrium data of Table 6 show a discrepancy for the nitrate 
system between observed hydrogen-ion- concentrations and those expected 
for the ion-exchange reaction of Equation 8. Table 6 further shows that 
the hydrogen-ion discrepancy becomes greater at higher aqueous ionic 
strengths, as was the case for the. perchlorate system. 
The following studies support the proposition that lanthanides are 
extracted from both perchlorate and nitrate solutions by the same reactions, 
although no attempt was made to show this rigorously. 
1. Several of the equilibrium organic phases, which had been 
carefully centrifuged to remove entrained aqueous, were 
found (by the brown ring test) to contain nitrate. 
2. Infrared spectra, shown on Figure 11, were obtained for several 
pure D2EHPA phases which had been contacted with aqueous 
neodymium nitrate solutions. The organic phases for this 
study were also carefully centrifuged to remove any entrained 
aqueous. These spectra show the presence of nitrate as is 
— 
evident from the nitrate band at l800 cm , and further show 
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Table 6. Equilibrium data for the system Sm(NO ) -HNO -H 0-lM D2EHPA-
Amsco ^ 
Equilibrium (Sm), M Measured equilibrium initial aq. 
Aq. Org. (H) ,M + 3(Sm) , M # OX ^  • 
0.0325 0.0685 0.578 0.606 
0.156 0.0986 0.575 0.596 
0.402 0.1103 0.592 0.631 
0.653 0.1169 • 0.592 0.651 
0.888 0.1204 0.590 0.661 
l.lU6 0.1267 0.567 0.680 
1.U03 0.1325 0.567 0.698 
1.660 0.1388 0.548 0.716 
1.871 0.l440 0.550 0.732 
2.215 0.1541 0.542 0.762 
that the organic phase which had been contacted with the 
most concentrated aqueous neodymium nitrate solution contains 
the most nitrate. 
3. The stoichiometric separation factor, g , has been found 
om ) IN d. 
(6) to decrease markedly at high aqueous ionic strengths for 
lanthanide extraction from nitrate media, as has also been 
observed in the present work for lanthanide extraction from 
perchlorate media. 
These observations suggest that neodymium and samarium may be extracted 
by D2EHPA from acidic aqueous nitrate solutions by the following reactions: 
and 
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M+3 + SfHG). Z M(HG ) + 3H+ (8) 
^org. ^ ^ org. 
<1 + 3»°;%%. + »org. Î • (3k) 
where Y is some as yet undetermined extractant entity having solvation 
number, b. The above studies also indicate that the reaction of Equation 
34 becomes more important at high aqueous ionic strengths. 
5U 
CONCLUSIONS 
1. An expression has been derived for the stoichiometric separation fac­
tor,JJ5 for the case of lanthanide extraction by two reactions, simul­
taneously. This expression, like the single-reaction expressions develop­
ed previously by Goto (l4) and Gray (15), contains r,n activity coefficient 
term, an aqueous ligand-dependent term, and a term involving organic 
properties. However, the latter term for the case of simultaneous reac­
tions is more complex than those of the single-reaction expressions, and 
is actually the sum of two terms, one for each reaction. 
2. Samarium extraction by D2EHPA from acidic aqueous chloride media 
occurs by only the following ion-exchange reaction, for all aqueous 
samarium chloride concentrations : 
+ 3(HG) 2 Sm(HG ) + 3H+ . (25) 
This observation is very likely true for other light lanthanides also. 
3. Samarium and neodymium are extracted by D2EHPA from acidic aqueous 
nitrate and perchlorate media according to the following two reactions: 
Ki * 3(ho)2 * Uino^) H. 3H+ (8) 
org. org. ^ 
<1 * 3%. «org. Î 
where A is either ClO^ or NO^. 
4. The stoichiometric separation factor, has approximately the 
same value for the chloride, nitrate, and perchlorate systems at low 
aqueous ionic strengths. However, at high aqueous ionic strengths, g 
Oiii y \JL 
is considerably higher for the chloride system than for the nitrate or 
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perchlorate systems. This conclusion suggests that the chloride system 
vould most likely be the best for large-scale lanthanide separation with 
D2EHPA. 
5. The onset of the neutral species reaction of Equation 9 at high 
aqueous ionic strengths for the nitrate and perchlorate systems is 
responsible for the substantial decrease of the stoichiometric separation 
factor, observed for these systems. Thus, the TBP-type reaction 
of Equation 9 is less selective between samarium and neodymium than is 
the ion-exchange reaction of Equation 8. However, distribution coeffi­
cients for the nitrate and perchlorate systems are somewhat higher than 
for the chloride system because of the additional extraction by the 
reaction of Equation 9-
6. No appreciable hydrochloric or perchloric acid is extracted when 
barren aqueous acid solutions having concentrations less than 6m are 
contacted with IM D2EHPA. This observation is also true for moderately 
acidic salt solutions of the lighter lanthanides. 
7. Distribution coefficients for lanthanide extraction by D2EHPA in 
various diluents are higher for hydrocarbon diluents such as Amsco than 
for alcohol or aromatic diluents. 
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